3 0
Results: 1 3 1
Plasmid-borne OVRA genes promote onion scale colonization and facilitate growth in onion 1 3 2 extract. 1 3 3 Onion pathogenic P. ananatis causes tissue necrosis on onions in a cultivar-independent manner 1 3 4 (19, 20, 22, 23) . Recently, Asselin et al., identified the proposed biosynthetic gene cluster HiVir carrying 1 3 5 a pepM gene essential for the production of both onion leaf and bulb necrosis (20) . We previously 1 3 6
developed an assay for screening P. ananatis pathogenesic potential based on the development of a 1 3 7
clearing zone around the inoculation site of red onion scales (19) . The red scale clearing phenotype 1 3 8 required the HiVir pepM gene similar to other necrosis phenotypes (Fig 1A, 1B) . We determined that the 1 3 9
clearing zone in red onion scales is associated with extensive onion cell death although plant cell walls 1 4 0 appear to be left intact. This observation was based on apparent plasmolysis and the staining of nuclei by 1 4 1 propidium iodide, indicating loss of plasma membrane integrity, which was consistent with the lack of 1 4 2 staining with the vital stain fluorescein diacetate (24, 25) . This is in stark contrast to observations of cells 1 4 3 from non-cleared tissue in the same scale samples (Fig. 1C ). 1 4 4
In our previous comparative genomics analysis we identified 57 genes in four contiguous blocks 1 4 5 on a 161-KB megaplasmid that were strongly correlated with P. ananatis virulence on onion (NBCI 1 4 6 accession CP020945.2) ( Fig. 2A ) (19) . We sought to determine whether these plasmid-borne OVR 1 4 7 (Onion Virulence Regions) genes contributed to P. ananatis-mediated onion center rot. Using allelic 1 4 8 exchange, we generated deletion mutants of the OVRA, OVRB, OVRC, and OVRD clusters in P. 1 4 9
ananatis PNA 97-1R (WT) (SI Appendix, Materials and Methods) . We observed that the OVRA cluster 1 5 0 deletion strain both produced smaller clearing zones in a red scale necrosis assay ( Fig. 2B and 2C ) and 1 5 1 reached two log-fold lower bacterial load in onion scale tissue compared to the WT strain and other OVR 1 5 2 deletions (Fig. 2C ). As PNA 97-1R WT was able to grow to high loads in the dead onion tissue of scale 1 5 3 clearing zones, we posited that bacterial growth in clarified, filter sterilized red onion juice (red onion 1 5 4 extract: ROE) would be effective proxy for extreme onion tissue damage and that monitoring growth 1 5 5 capacity of P. ananatis in ROE would mimic colonization potential in dead onion tissue. inhibitory factor model was more probable. We observed similar growth patterns in ROE and ROE:LB by 1 6 5 natural variant Pantoea isolates based on the presence or absence of OVRA genes (Fig. S1 ). 1 6 6
The 11 gene alt sub-cluster in OVRA confers tolerance to allicin, protects the glutathione pool 1 6 7 during allicin treatment, and promotes onion bulb colonization. 1 6 8
Based on the hypothesis that onion inhibitory factors could be onion thiosulfinates, or possibly 1 6 9
another sulfur compound, we focused on the eleven contiguous OVRA genes annotated for functions 1 7 0 related to sulfur metabolism and redox (Fig. 3A ). Based on various gene annotation pipelines, these 11 1 7 1 genes encode a TetR-family repressor, four reductases including a glutathione disulfide reductase, two 1 7 2 potential peroxidases, a thioredoxin and a thioredoxin-like gene, a carbon sulfur lyase and a cysteine-1 7 3 transporter family protein (Table S1 ). We used allelic exchange to delete the 11 gene sulfur 1 7 4 metabolism/redox cluster from OVRA. Using zone of inhibition assays as well as liquid media growth 1 7 5 assays, we observed that the OVRA sub-deletion had increased sensitivity to the thiosulfinate allicin ( Fig.  1  7  6 3B, Fig S2A) as well as to garlic extract ( Fig. S2B ). Thus, we chose to name this 11 gene region the alt 1 7 7
cluster for allicin tolerance. We had noted previously that the sequenced Enterobacter cloacea isolate 1 7 8
EcWSU1, which is also an onion bulb pathogen, caries cluster of plasmid borne genes similar to the 1 7 9
Pantoea alt cluster ( Fig. S3 ) (19) . Similar patterns of allicin and garlic extract sensitivity were observed 1 8 0 in natural variant Pantoea isolates based on the presence or absence of OVRA genes or the alt-like cluster 1 8 1
in Enterobacter isolates (Fig. S4 ). In addition, three chromosomal clusters conferring allicin tolerance via 1 8 2 heterologous expression were recently described from the non-pathogenic garlic saprophyte Pseudomonas 1 8 3
fluorescens PfAR-1 (26). These clusters from PfAR-1 share similar gene content to the alt cluster 1 8 4
although not fine scale synteny (26) . We observed that a ∆ OVRB/C/D mutant showed similar levels of 1 8 5 allicin tolerance to WT PNA 97-1R ( Fig. 3B ). However, we also observed that the ∆ OVRA/B/C/D 1 8 6 mutant had higher allicin sensitivity than the Δ alt mutant. (Fig. 3B ). This indicates that some OVR genes 1 8 7 outside 11 gene alt gene cluster contribute to full allicin tolerance in PNA 97-1R. 1 8 8
Depletion of the glutathione pool through direct reaction between allicin and reduced glutathione 1 8 9
is proposed as a major component of allicin's antibacterial activity (9). We determined the percentage of 1 9 0 total glutathione after 1 h of allicin treatment according to the procedure described by Müller et al. 2016 1 9 1 (9). PNA 97-1R WT maintained a higher percentage of glutathione compared to non-treated cells than a 1 9 2 Δ alt strain indicating that the presence of the alt cluster counters allicin-mediated depletion of the 1 9 3 glutathione pool ( Fig. 3C ). 1 9 4
We measured the total thiosulfinate content of full strength ROE to be 243 µM ±16 (n=8) using a 1 9 5 4-mercaptopyridine (4-MP) spectrophotometric assay (27). This is well above the allicin MIC values 1 9 6
previously reported for E. coli (141.75 µM ± 10) and many other bacteria (7, 9) . We also determined that 1 9 7 allicin and onion thiosulfinates have similar capacity to delay the growth of PNA 97-1R and that the Δ alt 1 9 8 mutant displayed consistently increased growth delay compared to WT PNA 97-1R across a range of 1 9 9 allicin and onion thiosulfinate concentrations indicating similar antibacterial efficacy ( Fig. 3D -E). We 2 0 0 calculated the thiosulfinate MIC values of PNA 97-1R WT and Δ alt strains to be 125±5 µM and 80±5 2 0 1 µM respectively, based on unchanged OD 600 at 24 hours in liquid LB incubated at 28°C. 2 0 2
We further monitored the contribution of alt to virulence based on systemic colonization of intact 2 0 3 onion plants. This was conducted by tracking the capacity of Tn7Lux-labeled auto-bioluminescent PNA 2 0 4 97-1R derivative strains to systemically colonize onion bulbs 20 days after mechanical inoculation. The 2 0 5 inoculations were conducted by piercing the onion neck just above the bulb shoulder. This form of 2 0 6
inoculation is expected to mimic natural infection by simulating thrips-mediated feeding site preference 2 0 7
and Pantoea transmission at the onion neck (16). The PNA 97-1R Δ alt strain showed a dramatic loss of 2 0 8 auto-bioluminescence in the bulb at 20 DPI indicating reduced bacterial colonization ( Fig. 4A ). We 2 0 9 observed a similar loss to bulb-associated autobioluminescence with a Δ pepM HiVir cluster mutant 2 1 0
indicating that both loci are independently important for onion bulb colonization by PNA 97-1R ( associated with thiosulfinates release, showed higher scale colonization than the Δ alt strain, but limited to 2 1 4 the zone around the inoculation puncture site. In contrast, the Δ alt Δ pepM strain showed less colonization 2 1 5 than a Δ pepM strain presumably due to increased sensitivity to the thiosulfinate release associated with 2 1 6 the inoculation puncture ( Fig. 4B ). 2 1 7
The alt cluster genes are sufficient for allicin tolerance and likely function as a cohort to tolerate 2 1 8 thiol stress and promote onion scale colonization. 2 1 9
We generated a series of nested complementation constructs carrying either the entire 11-gene alt cluster 2 2 0 or sub-regions in the pBBR1-derivative plasmid pBS46 to determine their phenotypic contributions ( Δ alt with the full alt cluster clone (altB-J) fully complemented 2 2 2 onion scale colonization measured by both bacterial load and autobioluminescence, growth in ROE, and 2 2 3 allicin tolerance based on both zone of inhibition and dilution plate assays ( Fig. 5B -E, Fig. S5 , S7-S10). 2 2 4
Using the nested complementation constructs, the alt cluster sub-region altB-G displayed near wild type 2 2 5 phenotypes in all assays. Sub-clusters altB-A and altD-G consistently showed partial complementation of 2 2 6
alt phenotypes while altH-altJ showed minor independent phenotypic complementation in some assays. 2 2 7
As these three alt sub-clusters share no genes in common, this supports a model of independent additive 2 2 8 contributions of these genes to overall allicin tolerance and onion colonization phenotypes. The altH-altI 2 2 9
genes, annotated as a carbon-sulfur lyase and cysteine-family-exporter genes, were not able to 2 3 0 complement Δ alt phenotypes independently. The genes altA and altR have distant similarity to the nemA 2 3 1 reductase and nemR TetR-family repressor genes of E. coli respectively that respond to bleach and N-2 3 2 ethylmaleimide and confer increased tolerance to these reactive compounds (29). A Δ altR mutant 2 3 3 displayed reduced growth lag in ROE while altR overexpression complementation conversely displayed 2 3 4 increased growth lag (Fig. S6 ). This is consistent with AltR serving to repress the ROE growth phenotype 2 3 5 of the alt cluster. 2 3 6
We expressed altB-J in the P. ananatis isolate PNA 02-18, which naturally lacks the OVR genes 2 3 7 but possesses the HiVir gene cluster. The altB-J full cluster expression clone conferred multiple gain of 2 3 8 function phenotypes on PNA 02-18 allowing the strain to colonize onion scales, grow well on ROE, and 2 3 9
display increased tolerance to allicin ( Fig. 6A -D, Fig. S5 , S11 We observed a high degree of correlation between the genetic requirements for P. ananatis strains to 2 4 6 colonize necrotized onion bulb tissue, grow in ROE, and their capacity for thiosulfinate tolerance. This 2 4 7
suggests that tissue damage-induced endogenous production of thiosulfinates in onion exerts an 2 4 8 antimicrobial effect on non-adapted bacterial strains and that thiosulfinates play an important role in 2 4 9 biotic interactions between the onion host and bacterial pathogens. 2 5 0
The total thiosulfinate potential by Alliums may be an important factor both for disease outcomes and 2 5 1
Allium-biotic interactions in general. Onion pathogenic Burkholderia have been shown to be sensitive to 2 5 2 thiosulfinates in vitro as have many other plant pathogenic microbes (30, 31). In garlic, the level of host 2 5 3 resistance to the chive gnat (Bradysia odoriphaga) was shown to correlate with cultivar-level variations in 2 5 4 thiosulfinate production potential (32). P. ananatis routinely causes economically impactful outbreaks of 2 5 5 center rot disease in sweet onions, which accumulate lower amounts of S-alk(en)yl-L-Cys sulfoxide 2 5 6 precursor compounds (structures 1b, 1c) than other onions and thus, have comparatively less capacity for 2 5 7 thiosulfinate production (5, 33). The presence of the alt-like cluster in onion-virulent Enterobacter 2 5 8
cloacea EcWSU1 supports the idea that alt genes are adaptive for colonization of onion bulb tissue during 2 5 9
disease. Interestingly, while there are many bacterial pathogens that cause disease in onion bulbs, there 2 6 0 are comparatively few bacterial diseases of garlic bulbs (34). Pseudomonas salomonii, has been reported 2 6 1 to cause "café au lait" disease on garlic leaves and carries gene clusters for allicin tolerance similar to 2 6 2 those recently described in P. fluorescens 35) . Garlic leaves have less allicin production 2 6 3 potnetial than garlic bulbs (36, 37) . The garlic saprophytic P. fluorescens strain PfAR-1 was found to 2 6 4 carry three, nearly identical, chromosomal loci capable of conferring allicin tolerance with high 2 6 5 specificity when heterologously expressed in E. coli or Pseudomonas syringae (26). However, while 2 6 6
PfAR-1 was isolated from garlic bulb, it is not a garlic pathogen and does not cause disease-associated 2 6 7 necrosis on garlic. We speculate that three chromosomal allicin tolerance clusters of PfAR-1 are 2 6 8
potentially adaptive for stable saprophytic colonization of the garlic bulb niche. We presume that extreme 2 6 9
thiosulfinate tolerance measures may be required to tolerate the potentially high thiosulfinate levels 2 7 0 released via even minor coincidental wounding events over the life of the garlic bulb association.
7 1
The silencing of LFS has been used in laboratory settings to create "tearless" onions (5, 38) . The lack of 2 7 2 LFS activity in these lines drives increased flux of isoalliin into the dramatically increased production of 2 7 3 1-propenyl-based thiosulfinates after tissue damage (5, 38) . Consistent with the capacity of garlic, which 2 7 4 lacks an LFS-like enzyme, to produce nearly 100 fold more thiosulfinates than onion per g fresh weight, 2 7 5 and the paucity of garlic bulb infecting bacterial pathogens in general, we hypothesize that these LFS-2 7 6 silenced onion lines should display increased resistance to P. ananatis infection by overwhelming the 2 7 7
pathogen's capacity for thiosulfinate tolerance. Conversely, onions with reduces alliinase activity rather 2 7 8 than LFS activity would be expected to produce less thiosulfinates and have increased susceptibility to P. 2 7 9
ananatis including naturally alt-lacking but HiVir containing isolates. 2 8 0
The ability of independent alt genes to confer partial phenotypic complementation and the functional 2 8 1 predictions of the alt genes supports the model that the alt cluster encodes an additive cohort of proteins 2 8 2 that collectively and cooperatively manage the impacts of cellular thiol stress as opposed to either direct 2 8 3 inactivation or exclusion of thiosulfinates. Genetic dissection of the PfAR-1 allicin tolerance clusters also 2 8 4 demonstrated a cohort effect for allicin tolerance. The PfAR-1 genes, dsbA, trx, and aphD, made the 2 8 5 largest single gene contributions to allicin tolerance based on Tn insertional mutations and single gene 2 8 6 overexpression tests (26). PNA 97-1R alt genes with similar annotations, altC, altD, and altE 2 8 7 respectively, are all included on the altB-G sub-cluster clone, which conferred near wild type levels of 2 8 8 complementation. The distant similarity of AltR to NemR could indicate a possible mode of action for 2 8 9
AltR response to thiol stress. NemR carries a redox-sensitive cysteine residue critical for response to 2 9 0 bleach and N-ethylmalimide and release of NemR from DNA to de-repress transcription of the NemA 2 9 1 reductase (29). We hypothesize that thiosulfinate reaction with AltR cysteine residues may similarly 2 9 2 allow AltR to respond to thiol stress, release from DNA and thereby de-repress expression of alt genes. 2 9 3
Determining the roles played by specific Alt proteins in thiol stress perception and tolerance will be a 2 9 4 fruitful area for future study. 2 9 5
In P. ananatis, the production of necrotic symptoms in onion, mediated by the HiVir chromosomal 2 9 6 cluster, and colonization of necrotic onion tissue, mediated by the alt cluster, are genetically separable. 2 9 7
The HiVir chromosomal cluster shows clear signs of horizontal gene transfer, while the plasmid-borne alt 2 9 8 cluster is flanked by a recombinase-like gene (19, 20) . Our disease model predicts that P. ananatis 2 9 9
isolates lacking HiVir but possessing the alt cluster could benefit from co-associations with HiVir+, 3 0 0 necrosis-inducing isolates as social cheaters. P. ananatis is a rare example of an aggressive gram negative 3 0 1 plant pathogen that requires neither a T3SS to deliver virulence effectors to the plant cytosol nor a T2SS 3 0 2 to deliver plant cell wall degrading enzymes to cause plant disease. This is unlike other well characterized 3 0 3 examples of plant pathogenic Pantoea, P. agglomerans pvs. betae and gypsophila and P. stewartii subsp. 3 0 4
stewartii that are dependent on a Hrp1-class T3SS for plant pathogenicity (39). Another characterized 3 0 5
example of a Hrp-independent gram negative phytopathogen is Xanthomonas albilineans for which the 3 0 6
phytotoxin albidicin, a DNA gyrase inhibitor synthesized by a hybrid PKS/NRPS pathway, is required to 3 0 7 cause leaf scald disease of sugar cane (40, 41) . Similarly, the ability of P. ananatis to cause necrosis on 3 0 8 onion is dependent on the HiVir pathogenicity gene cluster, a non-PKS/NRPS gene cluster proposed to 3 0 9
drive the synthesis of an, as of yet, undiscovered phosphonate secondary metabolite potentially 3 1 0
functioning as a phytotoxin (20). 3 1 1
The pathogenic lifestyle of P. ananatis on onion more closely resembles that of some necrotrophic plant 3 1 2 pathogenic fungi such as Alternaria or Fusarium than other described bacterial plant pathogens. These 3 1 3 fungal pathogens produce phytotoxins as important virulence factors and proliferate on dead plant tissue 3 1 4 (42, 43) . In the case of Fusarium oxysporum f. sp. lycopersici, pathogen tomatinase enzyme-mediated 3 1 5 resistance to antimicrobial tomatine saponins is critical for full virulence on tomato (44). Similarly, the P. 3 1 6
ananatis alt genes confer tolerance to thiosulfinates and are required for colonization of necrotized onion 3 1 7
tissue. We propose that a chemical arms race model provides a good framework for understanding P. 3 1 8
ananatis disease on onion. Pantoea HiVir induces cell death in onion cells, potentially through synthesis 3 1 9
of an undescribed phosphonate phytotoxin. Onion cell death coincides with post mortem generation of 3 2 0 thiosulfinates which can restrict the growth of a non-adapted P. ananatis. The presence of the alt genes in 3 2 1 P. ananatis confers tolerance to damage-induced onion chemical defenses and allows proliferation of 3 2 2 adapted bacterial strains. This chemical arms race model for disease and defense in the P. ananatis onion 3 2 3 pathosystem provides an interesting evolutionary contrast to the plant immune receptor/virulence protein 3 2 4 effector arms race model that underlies many plant-pathogen interactions. Bacterial strains and culture conditions. 3 2 8
Overnight (O/N) cultures of E. coli, Pantoea spp., and Enterobacter cloacae were routinely cultured from 3 2 9 single clones recovered on LB parent plates and were grown in 5 mL of LB media in 14 mL glass culture 3 3 0 tubes at 28°C (Pantoea) or 37°C (E. coli and E. cloacae) with 200 rpm shaking (Table S6 ). 3 3 1 Plasmid constructs and generation of mutants. 3 3 2
Plasmids were typically constructed via Gateway cloning of PCR products, overlap-extension joined PCR 3 3 3 fragments or synthesized DNA fragments. Deletion mutants were generated via allelic exchange using the 3 3 4 pR6KT2G vector (SI Appendix, Materials and Methods, Table. S2-S5). Tn7 transposants were generated 3 3 5 essentially as described in Choi et al. 2008 (45) . Expression plasmids were introduced via 3 3 6 electrotransformation. culture. Sterile deionized water was used as a negative control. The tray was covered with a plastic 3 4 7 humidity dome and incubated at RT for 72 h. Following incubation, lesion sizes were measured by 3 4 8
recording the diameter and small squares (0.06-0.08 g) of tissue were excised from a region 1 cm from the 3 4 9 inoculation wound. Tissues were weighed and placed in plastic maceration tubes with beads, beat with a 3 5 0
GenoGrinder SPEX SamplePrep 2010, ten-fold serially diluted with sterile dH 2 O and plated on rifampicin 3 5 1 amended LB plates to determine the colony forming units per gram of onion tissue. 3 5 2
Confocal imaging and staining. 3 5 3 Scales were inoculated as described above. 100-125 mm 2 sections were cut with a razor from the 3 5 4
underside of onion scales and peeled at one corner with tweezers to minimize mechanical damage to other 3 5 5 cells within the sample. Peeled samples were stained in fluorescein diacetate (FDA; 2 µg/mL) and 3 5 6 propidium iodide (PI; 10µg/ml) at room temperature for 15 m in dark conditions as previously described 3 5 7 (25) . Stained samples were mounted on a slide in water under a coverslip for live-cell imaging. Confocal 3 5 8 microscopy was performed with a Zeiss LSM 880 confocal microscope using the 10x objective. 3 5 9
Fluorescein was excited using 488 nm laser and emission collected between 508 and 535 nm. Z-stack 3 6 0
imaging was used to image cells at multiple focal planes. PI was excited using a 543 nm laser and 3 6 1 emission collected with 615-700 nm. Images were processed using the Zen software. 3 6 2 Preparation of allicin and alliaceous extracts 3 6 3
Allicin was synthesized using the protocol of Albrect et al., 2017 with some modifications (46) . 15 µL of 3 6 4 diallyl disulfide 96% , 25 µL of glacial acetic acid, and 15 µL of 30% H 2 O 2 were added to a 200µL PCR 3 6 5 tube and agitated for 4 h at 28°C. The reaction was quenched in 2mL of methanol. Fresh alliaceous 3 6 6 extracts were prepared using the Breville Juice Fountain Elite or a kitchen blender. Solid debris were 3 6 7
removed by straining subsequent macerates through cheese cloth and filter paper. Fine particulates were 3 6 8
pelleted by centrifugation (10,000 g, 1.5 h, 4°C). Semi-clarified extracts were sterilized with a Nalgene 3 6 9 0.2 micron vacuum filter sterilization unit. All extracts were used within the week of preparation and 3 7 0 stored at -20°C. Thiosulfinate concentrations were quantified using the 4-mercaptopyridine (4-MP) 3 7 1 spectrophotometric assay (27) (bottom, N=12). The data from three independent replicates is presented (one-way ANOVA followed by 5 5 0
Tukey´s post-test, p<0.001, letters represent significant dif). Error bars represent ±SD. Log 10 (cfu/g), 5 5 1 colony-forming units per gram of onion scale tissue. (D) PNA 97-1R
